Abstract Thermo-mechanical simulation of the vacuum plasma spraying tungsten (VPS-W) coating on the actively cooled CuCrZr substrate under the relevant quasi-stationary heat load and transient heat flux for tokamak device, is conducted by finite element analysis (FEA). It is shown that the failure of copper softening is likely to occur at the W/Cu compliant interlayer under a typical quasi-stationary heat load and the surface failure of plastic yield damage to occur at the surface edge under a transient heat flux. In addition, the critical transient heat flux for melting is approximately 0.75 MJ/m 2 for about 0.5 ms. All these results are useful for the design of the plasma facing components (PFCs) and the plasma operation in the future.
Introduction
Steady-state operation mode is the objective of magnetic confined fusion devices. So many superconducting tokamak devices are built to study physics issues of advanced steady-state operation mode [1, 2] . The plasma facing materials (PFMs) and plasma facing components (PFCs) are the protector for the vacuum vessels, injection power system and diagnostic systems in tokamak devices, and need to be actively cooled under long pulse operation [3, 4] . Especially, the PFMs are exposed to the edge plasma, withstanding the runaway particle bombardment and the high heat load deposition [2] . The vacuum plasma spraying tungsten (VPS-W) coating cladding on active cooled copper based alloy is preferred for PFM due to the low cost, the mature processing and the possibility of in situ repair, and it may be used as the PFM for EAST in its up-grade phase [5, 6] . Both the quasi-stationary heat load up to 10 MW/m 2 [2] , and transient heat flux up to several MJ/m2 in a millisecond pulse [7, 8] are great challenges to the VPS-W coating and integrity of the PFCs. Thus, great efforts are put on the evaluation of the high heat load properties of the VPS-W coating on copper base alloy under the quasi-stationary heat load as well as the transient heat flux by the electron beam facility and laser irradiation [9∼12] . CHONG et al. studied the high heat load properties of the PS-W coating on which a quasi-stationary heat load of 5 MW/m 2 was deposited by using an electron beam generator [9] and optimized the component of the compliant interlayer by finite element simulation [10] . ZHOU et al. investigated the PS-W coating under a transient heat flux deposition of 0.22 GW/m 2 to 0.44 GW/m 2 for about 4 ms, in which the coating was tested at room temperature [11] . Usually, the evolution and distribution of temperature and stress were neglected for the transient heat deposition pattern [11, 12] . So far, both the simulations and experiments for the VPS-W coating considered only the single heat deposition pattern mode. However, under actual tokamak operation, a thermal balance and temperature distribution of PFC will be achieved under a quasi-stationary heat load and the transient heat flux superposition and thus an additional temperature jump will occur in a millisecond with a high frequency. In this work, we focus on the thermo-mechanical response of the VPS-W coating under the fusion-relevant quasi-stationary heat load and transient flux, trying to understand its thermal response and prepare for the design of PFCs and plasma operation through a finite element calculation using the ANSYS 10.0 code.
Basic temperature distribution under steady heat load
The temperature distribution of the VPS-W coating armored on CuCrZr alloy under a steady heat load of 1 MW/m 2 to 10 MW/m 2 was simulated by using the finite element method. Fine meshing with refining process was used for the model to ensure the saturated results. A flat-type VPS-W/ CuCrZr mock-up was chosen for such calculation [13] . The cross-section of the VPS-W/CuCrZr mock-up is depicted in the top left corner of Fig. 1 . The height of the heat sink and the distance between the top surface of the cooling tube and the interface were set as 20 mm and 5 mm, respectively, while the thickness of the tungsten coating changes from 1 mm to 4 mm. A W-50 vol. %Cu interlayer of 0.2 mm was inserted between the tungsten coating and the CuCrZr substrate in order to alleviate the thermal stress due to the mismatch of their coefficient of thermal expansion (CTE) [9] . The water cooling channel with a diameter of 10 mm was directly drilled in the CuCrZr heat sink. In the process of numerical simulation, a water flow speed of 10 m/s and an average temperature of 50 o C relevant to the tokamak relevant cooling conditions [9] were adopted to calculate the coefficient of thermal convection between the cooling water and inner tube wall. In addition, the isotopic behavior of the materials and perfect bonding at the interface were assumed. It should be noted that the temperature-dependent properties of the VPS-W coating and CuZrCr substrate, listed in Table 1 , were applied in our calculation [14] .
Fig.1
Temperatures for both VPS-W/CuZrCr surface and interface at the corner of the component under a steady heat load as a function of the power density. At the lefttop part of the plot, the detailed geometry, dimension and condition are depicted (color online)
As is expected, both the maximum surface temperature (T sur. ) and maximum interface temperature (T inter. ) were obtained at the edge corner far from the cooling tube. A linear evolution of both T sur. and T inter.
under a steady heat load as a function of the power density is shown in Fig. 1 o C [15] of the VPS-W coating. However, T inter. exceeds the operational temperature of copper (it should be noted that the softening temperature of copper is below 500 o C, at which the yield strength of copper is lower than 30 MPa [8] ), which causes the failure by copper softening at the W/Cu compliant interlayer.
A further study revealed a weak impact of the properties and structures of armored VPS-W coating on the temperature distribution of the CuCrZr substrate. A weak effect of the coating thickness on the interface temperature is shown in Fig. 2 . It is indicated that a reasonable design of the heat sink and the cooling condition is advantageous for the control of T inter. in the operational domain. For the surface VPS-W coating, a roughly 1D heat transfer model was considered for the discussion of its capacity of thermal shock resistance. For such a model, the relationship between the surface deposition density and surface temperature can be obtained as follows:
with P the surface steady heat load, L the coating thickness, T 1 the bottom temperature limited by the operational temperature, i.e., the softening temperature of the heat sink, T 2 the surface temperature of the VPS-W coating limited by the re-crystallization temperature and k(T ) the temperature-dependent thermal conductivity. Therefore it is thought that the limit power density exhibits an inverse relationship with the coating thickness which implies that there is a critical coating thickness for the divertor target to withstand the typical load conditions up to 10 MW/m 2 . During the design of PFCs, attention should be paid for the interface temperature and coating thickness to be connected with the actual engineering conditions to balance the temperature and stress distribution. Fig. 3 . Both T sur. 's exhibited a quick leap into an elevated temperature and then decreased to a saturated temperature. The heat was first absorbed to cause the temperature elevation and then quickly dispersed in the lower part. ∆T is set as the label to stand for the temperature rise. ∆T s corresponding to the steady heat flux of 0 MW/m 2 and 5 MW/m 2 were 1012 o C and 1037 o C, respectively. The slight difference may be attributed to the degradation of the thermal conductivity of the VPS-W coating at elevated temperature. Moreover, the homogenous temperature distribution at the loading surface indicates that the heat propagates only into a surface region in such a very short duration. The temperature evolution and the lag time for the peak of T inter. compared to T sur. , shown in Fig. 4 , confirmed the foregoing result. For the 1D transient heat transfer system, the heat propagation distance [8] can be estimated roughly by
where λ, ρ and C are the thermal conductivity, density and specific heat of the VPS-W coating, respectively, and τ is the duration. The heat propagation distance is roughly estimated to be 200 µm from Eq. energy density beyond 0.2 MJ/m 2 , the peak temperature would reach up to the re-crystallization temperature, but it can be predicted that no or slight grain growth occurs under this situation due to the very limited heating time and quick cooling [16] . With the transient deposited energy density above 0.75 MJ/m 2 , the peak temperature reaches a value near to the melting point of tungsten at about 3410 o C, which can cause the surface evaporation, thermal ablation, coarsening, arcing and so on. Thus, it can be concluded that the criti-cal transient heat flux density for melting of the VPS-W coating is approximately 0.75 MJ/m 2 in 0.5 ms.
Stress distribution under transient flux
The thermal stress induced by the transient heat flux and superposed on that caused by the steady heat loading [17] was also simulated by the elastic FEA utilizing a thermo-structure coupled element and a 1/2 2D model of the axially symmetric flat-type model. During the stress analysis, a stress-free temperature of 50 o C was assumed. In addition, the horizontal displacement was applied at the central symmetric axis and the vertical displacement was constrained in the bottom node of the center symmetric axis. Moreover, a water pressure of 1 MPa on the tube wall was also taken into account.
A distribution of the radial stress (σ x ) through the surface line, with a heat load of 0.25 MJ/m 2 in an evolution time of 0.5 ms, is shown in Fig. 6 , which was superposed on a steady state heat flux of 5 MW/m 2 . Without a transient heat flux, a tensile stress of σ x is obtained at the surface and the maximum Von Mises stress occurs at the edge of the compliant interlayer near its bottom interface. However, with the transient heat flux added on the coating surface, a large compressive stress in σ x appears. This effect can be explained by means of an investigation on the temperature response and evolution during the pulse. Since the maximum T sur. appears at the end of the pulse duration, as shown in Fig. 4 , and the heat propagation distance under such a short pulse duration is below 200 µm, one can deduce that the expansion of the surface region changes the distribution of the surface stress. The large surface stress exceeding the yield strength of VPS-W (approximately 170 MPa) would cause the surface plastic deformation. After transient flux loading, the surface would experience the tensile stress in the rapid phase and the crack may likely appear at the surface. And, the little change of the shear stress through interface shows that little influence of the transient flux on the adherence strength. The little increasing of the interface temperature (from 305 o C to 330 o C) can explain the mechanism, because the mismatch stress at the interface depends largely upon the interface temperature [17] . Moreover, the maximum von mises stress under both steady heat and transient heat loading was found at surface edge corner as compared with that under only steady heat loading (See Fig. 7) , illustrating that the surface damage is the dominant form for VPS-W coating under combined loading. Thus, surface modification such as the surface quenching process on the VPS-W coating is essential and advantageous for its durability under plasma operation.
The present simplification model considered only the thermal stress induced by a single pulse transient deposition and the residual stress during the deposition process was ignored. Therefore, for a thorough investigation on the plastic performance of the VPS-W coating, the residual stress as well as the change during the multiple cyclic transient heat flux should be taken into account. 
Conclusions
The thermo-mechanical performance of the VPS-W coating on the CuCrZr substrate was simulated, by means of FEA, under the relevant conditions of steady heat load and transient heat flux. The simulation results and the suggestion are summarized as follows.
a. An analysis in temperature of the VPS-W/CuCrZr mock-up under a steady heat load demonstrated that a failure would be likely to occur at the tungsten/copper compliant interlayer due to the softening of copper. Also, the limit power density of the steady heat load exhibits an inverse function upon the coating thickness, which suggests that there exists a critical coating thickness for the divertor target to withstand the typical load conditions peaking up to 10 MW/m 2 . So, it should be noted that by properly choosing the structure during the design of PFCs the interface temperature and coating thickness could fit the actual engineering conditions. b. The transient flux added on the steady heat load on a VPS-W/CuCrZr mock-up was implemented to investigate the actual effect of transient flux deposition.
For the VPS-W coating, the critical transient heat flux of melting is about 0.75 MJ/m 2 in 0.5 ms, but the surface plastic deformation would occur. In addition, the transient flux deposition exhibits a significant impact on the distribution of surface stress and a weak influence on the adherence of the interface. Surface damage is the dominant form for VPS-W coating under combined loading. Thus, surface modification such as the surface quenching process on the VPS-W coating is essential and advantageous for its durability under plasma operation.
